During development of the CNS, secreted morphogens of the fibroblast growth factor (FGF) family have multiple effects on cell division, migration, and survival depending on where, when, and how much FGF signal is received. The consequences of misregulating the FGF pathway were studied in a mouse with decreased levels of the FGF antagonist Sef. To uncover effects in the nervous system, we focused on the auditory system, which is accessible to physiological analysis. We found that the mitogen-activated protein kinase pathway is active in the rhombic lip, a germinal zone that generates diverse types of neurons, including the cochlear nucleus complex of the auditory system. Sef is expressed immediately adjacent to the rhombic lip, overlapping with FGF15 and FGFR1, which is also present in the lip itself. This pattern suggests that Sef may normally function in non-rhombic lip cells and prevent them from responding to FGF ligand in the vicinity. Consistent with this idea, overexpression of Sef in chicks decreased the size of the auditory nuclei. Cochlear nucleus defects were also apparent in mice with reduced levels of Sef, with 13% exhibiting grossly dysmorphic cochlear nuclei and 26% showing decreased amounts of GFAP in the cochlear nucleus. Additional evidence for cochlear nucleus defects was obtained by electrophysiological analysis of Sef mutant mice, which have normal auditory thresholds but abnormal auditory brainstem responses. These results show both increases and decreases in Sef levels affect the assembly and function of the auditory brainstem.
Introduction
During neural development, fibroblast growth factors (FGFs) exert effects on gene expression, proliferation, and survival (Dono, 2003) . Distinct biological effects correlate with the degree of mitogen-activated protein (MAP) kinase pathway activation (Sato and Nakamura, 2004) . MAP kinase levels are controlled by multiple feedback-induced antagonists, including Sprouties (Spry) and Sef . Sef is induced by FGF signaling and antagonizes the MAP kinase pathway cellautonomously Tsang et al., 2002; Tsang and Dawid, 2004) , either by preventing phosphorylation of the FGF receptor or by sequestering activated Erk1/2 in the cytoplasm (Kovalenko et al., 2003; Yang et al., 2003; Preger et al., 2004; Torii et al., 2004) . Sef overexpression blocks activation of the MAP kinase pathway (Kovalenko et al., 2003; Preger et al., 2004; Torii et al., 2004) . Conversely, loss of Sef in morphant zebrafish or by RNA interference knockdown in cultured cells causes phenotypes consistent with excess FGF signaling Tsang et al., 2002; Torii et al., 2004) .
Mutations in FGF antagonists cause subtle phenotypes, most likely because of the presence of multiple, redundant regulators. Spry1 and Spry2 mutant mice exhibit normal body patterning with a few discrete phenotypes Shim et al., 2005; Taketomi et al., 2005) . Similarly, Sef mutant mice are viable with patterning defects apparent only when Spry is also inhibited (Lin et al., 2005) . CNS phenotypes have not been described in Spry or Sef mutant mice, despite the clear role for FGF signaling here.
The auditory system offers an excellent opportunity to identify subtle neural defects, because it is amenable to physiological analysis. Sound is detected by hair cells in the cochlea. Spiral ganglion neurons carry sound information from the ear to cochlear nucleus neurons in the auditory brainstem. The cochlear nuclei are obligatory synaptic stations in the auditory pathway, receiving all sound input from a single ear, performing initial transformations of the stimulus, and routing this information bilaterally for further processing. A major source of cochlear nucleus neurons is the rhombic lip, a germinal zone that contains a diverse population of progenitors for several brainstem nuclei (Rodriguez and ). The molecular heterogeneity of the rhombic lip suggests that secreted signals may regulate cell fate decisions here (Timmer et al., 2002; Landsberg et al., 2005) . Indeed, FGF2 induces proliferation and migration of cochlear nucleus precursors from the rhombic lip in vitro (Zhou et al., 1996; Hossain et al., 2006) . Thus, changes in FGF signaling could affect rhombic lip development and may result in changes in sound perception.
Here, we report that components of the FGF pathway are present in the rhombic lip, with Sef in the adjacent cell population. Gain-of-function and loss-of-function manipulations cause anatomical and physiological defects in the auditory brainstem. These results suggest that regulation of the FGF pathway by Sef contributes to the assembly and function of the auditory brainstem.
Materials and Methods
Mice. The KST223 gene trap line was reported previously . The mice had been maintained for more than five generations on the C57BL6/J background. Genotyping was performed using the following primers: Int3-F2 (5Ј-GCCAAGCCTTGATATGACAAAC-3Ј), Int3-R1 (5Ј-TTATGAGTCATTCTCCAGCCCG-3Ј), and GTR1 (5Ј-GGTCTTTGAGCACCAGAGGACATC-3Ј). Int3F2 and Int3R1 amplify a 594 bp band from wild-type DNA; Int3F2 and GTR1 amplify a 485 bp band specific to the KST223 insertion. To obtain timed pregnancies, matings were set up in the afternoon, and plugs were checked the next morning. The day of plug was called embryonic day 0.5 (E0.5). The mice were maintained in accordance with institutional and National Institutes of Health (NIH) guidelines approved by the Institutional Animal Care and Use Committee at Harvard Medical School.
Quantitative PCR. cDNA was made from total RNA using random primers. Long and/or short forms of Sef were amplified with SYBR Green Supermix (Bio-Rad, Hercules, CA) and the following primers: LVG081 (5Ј-CCCTGGGCTACATTTACTGC-3Ј), LVG082 (5Ј-ACCGTCTCCC-GTACACTGAC-3Ј), LVG099 (5Ј-AGTCATCCTGGAGGAGCTGA-3Ј), LVG100 (5Ј-ATGGAAGGGAAAGGGACAAT-3Ј), LVG101 (5Ј-CGTGGCTTTCCTATCCAAGA-3Ј), and LVG102 (5Ј-CACCCCACCA-CCTACAAAAG-3Ј). Levels were normalized based on amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from the same samples: GAPDHe-F (5Ј-CTCATGACCACAGTCCATGC-3Ј) and GAPDHe-R (5Ј-GCACGTCAGATCCACGAC-3Ј). PCR was performed on a Chromo4 Continuous Fluorescence Detector and a PTC200 gradient cycler (MJ Research, Cambridge, MA) using a touchdown strategy, starting with a 10 min denaturation at 95°C and then decreasing from an annealing temperature of 70°C down to 60°C in 2°intervals for five cycles beginning with 94°C (30 s), 70°C (30 s), and 72°C (1 min). The reaction proceeded for 30 cycles of 94°C (30 s), 60°C (30 s), and 72°C (1 min). Specificity was confirmed by examining the melting curves for each primer pair and by running products on an agarose gel. In all cases, single bands of the expected size and intensity were observed.
In situ hybridization. Nonradioactive in situ hybridization was performed on 14 m cryosections using the following probes: Math1 (Gray et al., 2004) , Sef , Pax2, mouse Mafb (Gray et al., 2004) , chick Mafb (Kataoka et al., 1994) , barhl1, FGF15 (Wright et al., 2004) , FGFR1 (Yamaguchi et al., 1992) , FGFR2 (Peters et al., 1992) , FGFR3 (Peters et al., 1993) , and FGFR4 (nucleotides 2368 -3323, GenBank accession number BC033313). A detailed protocol is available at http://goodrich.med.harvard.edu/index.htm.
X-gal staining. Staining for ␤-galactosidase activity was performed as described previously , except that 15-20 m frozen sections were used and the tissue was fixed for 2 h.
Immunohistochemistry. For phosphorylated Erk1/2 antibody stains, embryos were dissected in 0.01 M PBS (Invitrogen, San Diego, CA) and fixed in 4% paraformaldehyde in 0.01 M PBS for 2 h at 4°C. For other antibodies, embryos were fixed for 2 h (4°C) in 4% paraformaldehyde in 67 mM Sorenson's PBS. After overnight incubation in a primary antibody, Alexa-conjugated secondary antibodies (1:2000; Invitrogen) and a NeuroTrace counterstain (1:200; Invitrogen) were added for 2 h at room temperature or overnight at 4°C. Tissue was imaged using a Nikon (Tokyo, Japan) E800 compound microscope or a Zeiss (Thornwood, NY) LSM510 confocal microscope. The following antibodies were used: anti-phosphorylated Erk1/2 (1:500; Biosource, Camarillo, CA), rabbit anti-␤-galactosidase (1:2500; MP Biomedicals, Solon, OH), goat anti-␤-galactosidase (1:2500; Biogenesis, Sandown, NH), antiMafb (1:1500; Bethyl Laboratories, Montgomery, TX), anti-green fluorescent protein (GFP; 1:500, Invitrogen), and anti-GFAP (1:2000; Dako, Carpenteria, CA).
Chick electroporation. The Sef coding sequence (AF494209) was cloned into the SalI and BamHI sites of the pIRES2_eGFP vector (Invitrogen), downstream of a cytomegalovirus promoter. For controls, the empty pIRES2_eGFP vector was used. Because the enhanced GFP (eGFP) signal was found to be weak in the first 70 electroporated embryos, the subsequent 278 embryos were coelectroporated with plasmid JPA5, which encodes a yellow fluorescent protein (YFP)-CD8 protein that was brightly fluorescent in unfixed, living embryos. Electroporations were performed essentially as described previously (Krull, 2004) . A concentration of 4 g/l DNA was injected into the lumen of the neural tube at the level of rhombomeres 5 and 6 in an E2 [Hamburger-Hamilton (HH) stage 11] chick embryo. A CUY-21 electroporator (Protech International, San Antonio, TX) was used to generate five 50 ms pulses of 10 V, with 10 ms intervals between each shock. Electrodes were positioned so that DNA was taken up only on the right side of the neural tube. A total of 348 electroporations were performed (195 with Sef plasmid, 153 with empty vector). Two hundred seventy-eight embryos were scored for survival and YFP expression the following day: 193 survived (69%), and of these, 154 expressed YFP (80%). Forty-five embryos were collected for analysis on E4, and 45 embryos were collected for analysis on E13 (HH stage 39). Embryos were processed for immunohistochemistry with anti-GFP antibodies (E4) as described above or for in situ hybridization with a probe to chick Mafb (E13).
Analysis of nucleus magnocellularis and nucleus angularis. The areas of nucleus magnocellularis (NM) and nucleus angularis (NA) were determined using ImageJ 1.33 (NIH, Bethesda, MD) to outline the cMafbexpressing regions in 10ϫ images of 14-m-thick sections in the transverse plane. To avoid bias attributable to variations in section angle and the intensity of the cMafb signal, equivalent regions of the electroporated and unelectroporated sides were photographed and analyzed independently and were compared within a single embryo. For NA, areas were calculated on seven evenly spaced sections (approximately every 50 m) in the central 80% of the nucleus. cMafb is expressed in a high rostral-low caudal gradient in NM, making it difficult to reliably calculate the area of the caudal tip of this nucleus. Therefore, NM areas were calculated on six evenly spaced sections in the rostral 75% of the nucleus. Areas were determined by two independent investigators blind to condition. An area ratio was calculated by dividing the sum of areas on the electroporated side over the sum of areas from the unelectroporated side. A length ratio was calculated by dividing the number of sections containing each nucleus on the electroporated side over the number on the unelectroporated side. The final ratio is the product of the area ratio and the length ratio and therefore reflects an estimate of the change in total volume on the electroporated side versus the unelectroporated side. Eleven control and seven Sef-electroporated embryos were excluded from the analysis because the in situ hybridization signal was too weak to reliably outline the nucleus or because too many sections were damaged to gain a reliable estimate of volume.
Histology. For Nissl staining, 14 m cryosections were dehydrated through an ethanol series, passed through xylenes, stained in 0.1% cresyl violet, destained in 1% glacial acetic acid, dehydrated in ethanol, and mounted with CytoSeal. To quantify the volume of the ventral cochlear nucleus (VCN), the nucleus was divided into 11 equal bins from the rostral pole of the anterior VCN (AVCN) to the end of the posterior VCN (PVCN), which was recognized by the presence of the granule cell layer that separates it from the dorsal cochlear nucleus (DCN). ImageJ 1.33 (NIH) software was used to outline VCN in one section from each of the central nine bins; the largest value in each series was discarded because PVCN was frequently difficult to define reliably in sections where the granule cell layer was sectioned tangentially. The eight remaining values were summed to provide an estimation of volume.
Measurements of hearing. Auditory brainstem responses (ABRs) in response to click stimuli (Shim et al., 2005) and Distortion Product Otoacoustic Emissions (DPOAE) and ABRs in response to pure tones (Liberman et al., 2002) were obtained as described previously. TuckerDavis Technologies (Alachua, FL) software was used to measure latencies and amplitudes from waveforms obtained in response to clicks. Responses to pure tone stimuli were analyzed by determining the lowest sound pressure level (SPL) at which each peak could be detected.
Statistics. Statistical significance was determined by single-factor ANOVA comparison or the one-tailed Mann-Whitney U test of wildtype, heterozygote, and homozygote populations with an ␣ of 0.05. A result was considered significant if the p value was Ͻ0.05.
Results

Generation of a Sef mouse mutant by gene trap mutagenesis
We characterized a Sef mutant mouse line that was generated during the course of a large-scale gene trap mutagenesis screen Mitchell et al., 2001 ). The KST223 mutant mouse line contains an insertion of the GT1TMpfs gene trap vector into the third intron of the Sef locus, resulting in a fusion of ␤-geo to Sef at nucleotide 332 (Fig. 1a) . X-gal staining revealed Sef-␤-geo fusion protein activity in sites of FGF signaling and was consistent with previous reports of Sef expression patterns ( Fig.  1b and data not shown). Reverse transcription-PCR of embryonic and adult brain cDNA shows that almost no wild-type Sef transcript is present in homozygotes, which instead express high levels of Sef--␤-geo (Fig. 1c) . As determined by real-time PCR for exons shared by the two predicted splice forms, E14.5 Sef KST223 homozygotes (n ϭ 2) have 8.97 Ϯ 1.74% of wild-type transcript, and adult brain (n ϭ 5) has 16.08 Ϯ 5.34% transcript remaining. In heterozygotes, Sef levels are mostly normal but are highly variable [104.5 Ϯ 31.03% at E14.5 (n ϭ 4); 74.36 Ϯ 31.07% in adults (n ϭ 3)]. The wide range of Sef levels observed in heterozygotes could reflect variable feedback-induced regulation of Sef, which is itself a target of the FGF pathway. Amplification with primers specific for each variant (Preger et al., 2004) confirms that both splice forms are equally affected at embryonic and adult stages (data not shown).
The FGF pathway is active in the developing auditory brainstem Identification of defects in Sef mutant mice has been complicated by the presence of multiple inhibitors in the FGF pathway. Indeed, previous studies of Sef mutant mice showed that Sprouty antagonists compensate for Sef during early embryonic development (Lin et al., 2005) . Similarly, the Sef KST223 gene trap mutants are viable and fertile with no gross developmental defects. To uncover any subtle phenotypes, we focused on a discrete region of the nervous system for which there is a clear functional readout: the cochlear nucleus complex, which is an obligatory synaptic station for all auditory input from the inner ear.
Most cochlear nucleus precursors originate in the rhombic lip, a germinal zone adjacent to the roof plate (Fig. 2a) . To determine whether the FGF pathway might play a role in cochlear nucleus development, we examined the distribution of Sef and other components of the FGF pathway here. At E11.5, just when the first cochlear nucleus cells are born, little to no Sef expression is observed in the neural tube at the level of the inner ear (data not shown). Beginning at E12.5 and persisting through E15.5, Sef is expressed in a ventral region of the ventricular zone and in a dorsal domain that surrounds the roof of the fourth ventricle (Figs. 2b-d, 3a and data not shown). Comparison to the rhombic lip marker Math1 and the VCN marker Mafb shows that Sef is present in cells adjacent to the auditory region of the rhombic lip, abutting the developing cochlear nucleus ( Fig. 2d-f ) . A small number of cochlear nucleus neurons derive from non-lip regions at this level of the brainstem (Farago et al., 2006) . To see whether Sef-positive cells adjacent to the rhombic lip might eventually populate the cochlear nuclei, we took advantage of the perdurance of Sef-␤-geo activity to follow their short-term fate. Stained cells appear to stream from the dorsal expression domain toward the developing cochlear nucleus (Fig. 2g-i) . However, because this activity is weak and transient, it was not possible to follow the final fate of these cells in the adult cochlear nucleus.
Next, we compared the expression of Sef to other components of the FGF pathway at E14.5, a time when many cochlear nucleus cells are being generated within the rhombic lip (Pierce, 1967) . FGF15 is present overlapping with Sef-expressing cells in the hindbrain (Fig. 3a,c) . The receptor FGFR1 is expressed throughout the ventricular zone and in the rhombic lip (Fig. 3b) . Moreover, cells with nuclear Erk1/2 staining are present in the rhombic lip (Fig. 3d) . These cells do not express Sef, consistent with the idea that Sef inhibits activation of the pathway. These observations support the model that FGF15 activates the MAP kinase pathway in the rhombic lip, whereas Sef inhibits activation in neighboring cells.
Overexpression of Sef inhibits development of auditory nuclei in chicks
To test the contribution of FGF signaling to cochlear nucleus development, we used an overexpression strategy in chicks. We reasoned that transient blockade of FGF signaling by overexpression of Sef could reveal a normal requirement for regulated FGF signaling in the brainstem. In chickens, NM and NA serve similar functions as the murine cochlear nucleus complex (Ryugo and Parks, 2003) , are also proposed to originate from the rhombic lip (Harkmark, 1954; Cramer et al., 2000) , and express cMafb (Fig.  4c-f ). For instance, surgical removal of the rhombic lip from E4 -E5 chicks results in small cochlear nuclei (Harkmark, 1954) . Moreover, chicken Sef is 80% identical to mouse Sef, shares a Mitchell et al., 2001) . Primers specific for Sef-␤-geo and for the 3Ј end of Sef are indicated by arrows. SS, Signal sequence; TM, transmembrane domain; IL 17, interleukin 17; SA, splice acceptor. b, X-gal staining of an E10 Sef KST223 heterozygous embryo. Sef-␤-geo activity is seen in many regions of FGF signaling, including the mid-hindbrain junction (asterisk) and the ventral half of the otic vesicle (arrow). c, Reverse transcription-PCR of E14.5 RNA collected from wild-type (WT), heterozygous (Het), and mutant (Mut) embryos with primers specific for Sef shows a moderate decrease in Sef expression levels in heterozygous embryos and a strong decrease in mutants. Conversely, Sef-␤-geo is present in heterozygotes and mutants but not wild types. similar expression pattern, and is regulated by FGF signaling like its mouse ortholog (Harduf et al., 2005) .
Sef or empty vector control constructs were electroporated along with a YFP expression plasmid into the developing hindbrain at the level of the otic vesicle of E2 chick embryos, a time when cells are being fated to contribute to the auditory nuclei (Cramer et al., 2000 (Cramer et al., , 2004 (Cramer et al., , 2006 and just before a crucial period of rhombic lip development (Harkmark, 1954) . Successful electroporations resulted in the expression of YFP in rhombomere 5, with expression extending to variable degrees rostrally and caudally (Fig. 4a) . By E4, YFP-positive cells were present in the rhombic lip at the level of the otic vesicle in all embryos examined (n ϭ 3 control vectors and 3 Sef electroporated) (Fig. 4b) . Thus, a subset of cells in the rhombic lip of rhombomere 5 always received vector, with many embryos showing additional expression in rhombomeres 4 and/or 6. Expression was limited to the electroporated side.
To assess effects on the auditory brainstem, embryos were collected on day 13 (HH stage 39), sectioned, and hybridized with a probe to cMafb. The overall size and morphology of the brain was normal in all embryos. No gross defects in either NM or NA were observed in control embryos (n ϭ 12), although mild fluctuations in the size of the nuclei were apparent. In contrast, in seven Sef-electroporated embryos (of 15 analyzed), one or both auditory nuclei were noticeably smaller both in area and length on the electroporated side ( Fig. 4c-f ) . The apparent reduction in size was quantified by comparing the area of cMafb-positive cells in sections through NM and NA on treated and untreated sides of the embryos and by counting the number of sections that contained each nucleus. In a subset of embryos, the area of NM was consistently smaller, and the nucleus was shorter on the electroporated side of Sef-treated embryos, particularly in rostral regions (Fig. 4g,h ). Volume ratios for the electroporated versus unelectroporated sides of the embryo were calculated (see Materials and Methods) . The control population showed no significant deviation from the expected value of 1, with average ratios of 1.01 Ϯ 0.08 for NM and 1.06 Ϯ 0.09 for NA (Fig.  4i) . However, the volume ratios were decreased in the Sefelectroporated population, with values of 0.91 Ϯ 0.17 for NM and 0.96 Ϯ 0.17 for NA ( p Ͻ 0.08, Mann-Whitney U test). The effect was partially penetrant, most likely reflecting differences in the level and location of Sef overexpression in different electroporated embryos. Affected embryos were defined as those that had volume ratios Ͻ0.8. By these criteria, no control embryos were affected, but six Sef-electroporated embryos had smaller NM, with an average volume ratio of 0.72 Ϯ 0.1, and two embryos had smaller NA, with an average ratio of 0.62 Ϯ 0.08. One embryo had effects in both NM and NA, so overall, ectopic expression of Sef decreased the volume of the auditory nuclei in 7 of 15 embryos. The remaining embryos had an average ratio close to 1 (1.02 Ϯ 0.07 for NM, 1.03 Ϯ 0.04 for NA). Consistent with this quantification, no cochlear nucleus defects were apparent in these em- KST223 heterozygous embryo stained for ␤-galactosidase activity. Sef-␤-geo is active in cells bordering the rim of the fourth ventricle, with intense activity (arrow) at the level of the inner ear, which has been dissected away. c, Transverse section of an E12.5 wild-type embryo hybridized with a probe to Sef. As indicated by X-gal staining, Sef is produced in a band of cells (bracket) adjacent to the rhombic lip and in a medial portion of the ventricular zone (arrow). d-f, Transverse adjacent sections through the E13.5 hindbrain hybridized with probes to Sef (d), Math1 (e), and Mafb (f ). Sef is expressed adjacent to Math1 in the rhombic lip (arrowheads mark the lateral limit of Math1 expression) and abuts Mafb in the developing cochlear nucleus. g, h, Transverse semi-adjacent sections of an E14.5 Sef KST223 heterozygous embryo stained for ␤-galactosidase activity (g) and hybridized with a probe to Mafb (h). As seen at earlier stages, ␤-galactosidase activity is detected in the Sef-positive region adjacent to the rhombic lip (rl) (arrowhead indicates boundary). In addition, weakly stained cells are present in the developing cochlear nucleus, as determined by the expression of Mafb on a semi-adjacent section (h). The dashed boxes correspond to the region shown in i. i, High-power view of the region boxed in g. A stream of stained cells with elongated morphology (arrows) appears to move from the Sef-positive region into the cochlear nucleus anlage (cn). Scale bars: c-g, 50 m; i, 10 m.
bryos. The truncation of NM and NA in Sef-electroporated embryos is reminiscent of the effects of surgical removal of the rhombic lip (Harkmark, 1954) and suggests that FGF signaling affects the number of rhombic lip progenitors that assume auditory fates, much as has been proposed for Pax6 and the bone morphogenetic protein pathway in the development of precerebellar nuclei from more caudal regions of the rhombic lip (Landsberg et al., 2005) .
Low levels of Sef are associated with cochlear nucleus defects
Given the evidence that ectopic Sef can interfere with development of the auditory nuclei, we next asked whether the cochlear nucleus complex develops properly in Sef KST223 mutant mice. We surveyed the overall organization of the cochlear nucleus in Nisslstained sections of the auditory brainstem from wild-type (n ϭ 5), heterozygous (n ϭ 4), and homozygous (n ϭ 11) adult animals. The cochlear nucleus complex has three major divisions: DCN, PVCN, and AVCN (Fig. 5a) . We assessed four cell populations: granule cells, which are recognized by their small size and location in the microneuronal shell; octopus cells, which are clustered in a region of PVCN, have large cell bodies, and have dendrites oriented perpendicular to the entry of the eighth nerve; bushy cells, which are numerous in AVCN and express Mafb; and astrocytes, which produce GFAP.
Most mutants had histologically normal cochlear nuclei, with three distinct divisions and no obvious changes in the number or location of granule cells, octopus cells, or bushy cells (data not shown). However, one homozygote and one heterozygote had severe morphological defects ( Fig. 5b-d) . DCN was normal, but AVCN was disorganized and did not form a discrete nucleus. In addition, an outgrowth of the cerebellum covered its lateral surface. Although AVCN appeared larger in many sections, this most likely reflects the overall distortion of the mutant nucleus, because a systematic estimation of VCN areas throughout the rostrocaudal extent of the nucleus did not reveal any significant increase in size (wild type, 6.65 Ϯ 1.14 cm 2 ; Ϫ/Ϫ ϭ 6.89 Ϯ 1.11 cm 2 ). Based on the Nissl-stained appearance of cells, cellular differentiation appeared to proceed properly. The nearby cerebellum was disorganized, but the superior olivary complex was normal (data not shown). To gain additional insight into this phenotype, we looked at the expression of math1, barhl1, and Mafb to see whether there were changes in the rhombic lip or its derivatives in E14.5 homozygotes. However, no changes were apparent in the dimensions of the rhombic lip (math1), the cochlear granule cell extramural stream (barhl1), or the anlage of VCN (Mafb) (n ϭ 2 wild-type and 7 Ϫ/Ϫ; data not shown). The stages analyzed include the peak of cochlear nucleus cell production (E14.5) and its final mature structure (adulthood). However, we cannot rule out the presence of transient defects at other times that were not evaluated.
Sef mutant mice respond poorly to high SPL stimuli
An advantage of studying the auditory system is that hearing is easily tested in mice, making it possible to reveal defects in auditory function even in the absence of obvious anatomical defects. We therefore conducted a detailed analysis of ABRs, a commonly used measure of auditory system activity. The first ABR waveform peak (wave i) reflects the activity of spiral ganglion cells, whereas later peaks arise from the activity of neurons within the central auditory pathway. In the mouse, the correspondence between specific neuron groups and the later waves has not been completely established. However, work on the cat suggests that the generators of these later peaks are cells in the cochlear nucleus (wave ii), a combination of cochlear nucleus cells and superior olivary complex neurons (wave iii), medial superior olivary neurons (wave iv), and neurons in the inferior colliculus (wave v) (Zaaroor and Starr, 1991; Melcher and Kiang, 1996; Melcher et al., 1996a,b; Kaga et al., 1997) .
Two ABR studies were performed to assess hearing in 12-to 14-week-old Sef KST223 mice. First, ABRs were recorded in response to click stimuli (n ϭ 5 wild type, 8 ϩ/Ϫ, 6 Ϫ/Ϫ) (Fig. 6a) . Second, ABRs were recorded in response to pure tone stimuli ranging from 5 to 45 kHz (n ϭ 4 wild type, 8 Ϫ/Ϫ) (Fig. 6b) . For click stimuli, wild types and homozygotes had similar thresholds (14 Ϯ 10.33 dB in wild type vs 13.25 Ϯ 5.8 dB in Ϫ/Ϫ). Similarly, there was little difference in threshold at any frequency for wildtype and homozygous animals presented with pure tones (Fig.  6c) . Outer hair cell function was also normal, with no shifts in DPOAE thresholds [30 Ϯ 7.1 dB (n ϭ 3 wild type) vs 33.13 Ϯ 5.3 dB (n ϭ 4 Ϫ/Ϫ)] at 16 kHz.
Although thresholds were unchanged, mutant animals had qualitatively different responses to suprathreshold stimuli compared with wild types. Consistent with the presence of morphological defects in the cochlear nucleus, both homozygotes and heterozygotes were affected. Amplitudes and latencies of waves i and ii were overlapping for all three genotypes, but the average distribution of responses for waves i and ii was significantly smaller in homozygote and heterozygote populations presented with stimuli louder than 55 dB ( p Ͻ 0.05, ANOVA) (Fig. 6d) . There was no change in latency for the first two peaks (for wave i: wild type, 1.52 Ϯ 0.08 ms; Ϫ/ϩ, 1.53 Ϯ 0.12 ms; Ϫ/Ϫ, 1.56 Ϯ 0.17 ms; for wave ii: wild type, 2.32 Ϯ 0.09 ms; Ϫ/ϩ, 2.30 Ϯ 0.17 ms; Ϫ/Ϫ, 2.34 Ϯ 0.11 ms) (Fig. 6e) . However, waves iii-v were frequently difficult to identify in response to either clicks or tone bursts, with significantly increased thresholds for wave iii in mutants (54.06 Ϯ 15 dB) compared with wild-type littermates (38.13 Ϯ 10.7; p Ͻ 0.02, ANOVA) (Fig. 6f ) . Waves iv and v were also significantly affected ( p Ͻ 0.02, ANOVA). Of eight animals tested, four mutants had late wave thresholds Ͼ50 dB in both ears and two had increased thresholds in one ear, suggesting a penetrance of ϳ50%. In summary, Sef KST223 gene trap mice had normal auditory thresholds but did not generate appropriate responses in the brainstem, as reflected by the decreased amplitudes of waves i and ii and higher thresholds for later waves. Affected animals did not display any obvious changes in cochlear nucleus morphology or organization.
To see whether Sef activity in the mature cochlear nuclei may also contribute to the observed defects, we examined the expression of Sef at postnatal day 0 (P0), P6, P14, and adult stages. Beginning postnatally, Sef is present at high levels in the molecular layer and the microneuronal shell of the cochlear nucleus complex and at low levels in the magnocellular core (Fig. 7a) . This pattern parallels the expression of GFAP (Fig. 7a) . Indeed, Sef-␤-geo-positive cells are non-neuronal and are GFAP positive (Fig. 7b,c) , so we conclude that Sef is produced by astrocytes in the cochlear nucleus. In other regions of the nervous system, FGF signaling from neurons is hypothesized to inhibit accumulation of GFAP in astrocytes. Consistent with this model, aged FGFR3 knock-out mice have abnormally high levels of GFAP in graymatter astrocytes (Pringle et al., 2003) . We looked at the pattern of GFAP staining in animals that had been assessed by ABR recordings (n ϭ 4 wild-type and 7 Ϫ/Ϫ). Remarkably, the two animals with the highest thresholds for wave iii (55-80 dB) had noticeably reduced staining relative to wild-type controls (Fig. 7d-g ). GFAP staining was not significantly diminished in animals with more modest ABR effects. This result suggests that in addition to its functions during neuronal development, Sef may also contribute to proper regulation of FGF signaling in astrocytes in adult animals.
Discussion
Our results suggest that Sef regulation of FGF signaling influences both the development and function of the auditory brainstem. In Figure 4 . Overexpression of Sef inhibits auditory nucleus development in chicks. a, a, Bright-field (a) and fluorescent (a) lateral views of an E4 electroporated chick embryo at the level of the otic vesicle (asterisk). Rostral (r) is up and to the right; caudal (c) is down and to the left. eGFP expression can be seen at the level of the otic vesicle and extending rostrally and caudally (arrowheads). 4th v, Fourth ventricle. b, Transverse section through an eGFP-electroporated E4 chick embryo. Strongly labeled cells are present in the rhombic lip (arrowhead) and are also scattered throughout the neural tube, including commissural neurons that have extended axons toward the midline. Only the electroporated side is shown; no labeling is seen on the unelectroporated side. c-f, Coronal sections through control (c, e ) and Sef-electroporated (d, f) embryos were hybridized with a probe to cMafb. In control embryos, cMafb is produced in NM medially and in NA laterally. cMafb is also expressed in the nucleus laminaris, which serves a function equivalent to the medial superior olive in mammals. In NA-affected embryos (d), NA is drastically reduced (arrow) on the electroporated side (asterisk), but NM is unaffected. In NM-affected embryos (f), NM is smaller on the electroporated side. Nucleus laminaris (NL) is variably affected, appearing to be shorter and slightly disorganized, but this phenotype was not robust enough to quantify. g, h, The area of NM (in square micrometers) was measured every 28 m on both sides of the brainstem, moving from rostral to caudal regions (x-axis). Measurements are shown for the embryos depicted in e and f. In the control embryo (g), the area of NM is the same on the unelectroporated (blue) and electroporated (pink) sides. In the Sef-electroporated embryo (h), NM is smaller on the electroporated side in every section. i, Individual (filled symbols) and average (open symbols) NM and NA ratios for control-electroporated (blue) and Sef-electroporated (pink) embryos. The volumes of NM and NA on the electroporated side were compared with the volumes on the unelectroporated side, with a value of 1 predicted as normal. Error bars indicate SD. Although no control-electroporated embryos had volume ratios Ͻ0.8, six Sef-electroporated embryos fell outside this range for NM, and two fell outside this range for NA. D, Dorsal; V, ventral. the developing hindbrain, Sef appears to act in cells adjacent to the rhombic lip, thereby restricting activation of the MAP kinase pathway to the rhombic lip itself. Gain-of-function and loss-offunction studies confirm that the proper amount and localization of Sef is necessary for normal development of the auditory nuclei. In adults, Sef is present in astrocytes and may regulate GFAP levels, a role that may also contribute to changes in responses to sound. These results demonstrate that additional investigations of FGF signaling in the auditory brainstem are warranted and may provide a fruitful avenue for elucidating how diverse types of neurons are generated from the rhombic lip.
Sef could normally regulate cochlear nucleus development in two ways: (1) indirectly by restricting signals to the rhombic lip or (2) directly by regulating development of cochlear nucleus precursors from outside of the rhombic lip. In the first model, the primary function of Sef is to limit the effects of FGFs to the rhombic lip. This idea is supported by the fact that Sef is adjacent to the rhombic lip, overlapping with FGF15, and that Sef is known to inhibit response to FGF. Sef mutant cells may therefore become sensitive to FGF signals that would normally be restricted to the rhombic lip. Alternatively, Sef may contribute directly to cochlear nucleus development, because Sef-expressing cells appear to move toward the cochlear nucleus ( Fig. 2) and a subset of cochlear nucleus neurons derive from territories ventral to the auditory lip (Willard and Martin, 1986; Farago et al., 2006) . In this case, the presence of Sef may change the consequences of FGF signaling in this small subset of cells, perhaps directly affecting their fate in the cochlear nucleus. As suitable markers and tools for fate mapping Sefexpressing cells become available, it will be interesting to determine whether the subpopulation of neurons that comes from outside of the rhombic lip is abnormal in mutant animals and whether Sef is indeed present in precursors for these cells.
The consequences of Sef overexpression in the chick neural tube provide compelling evidence that properly regulated FGF signaling is necessary for normal auditory brainstem development, with more than half of the electroporated embryos displaying obvious defects in NM and/or NA. The variability may be attributable to the fact that Sef is ectopically expressed in a subset of rhombic lip cells, with the number and relative rostrocaudal location of these cells changing between embryos. Attenutation of FGF signaling in other regions of the nervous system simultaneously decreases proliferation and increases cell death (Storm et al., 2006) . Thus, the simplest explanation for the observed effects is that there are fewer cochlear nucleus precursors because of a combination of less proliferation and more cell death. This would also fit with the fact that the consequences of Sef overexpression resemble what happens when portions of the rhombic lip are surgically removed (Harkmark, 1954) . An unresolved question is why the brainstem is not more severely affected in Sef KST223 mutant mice. Because the KST223 strain was generated by gene trap mutagenesis, Sef KST223 homozygotes produce small amounts of wild-type Sef transcript, raising the possibility that feedback-induced regulation of Sef can still occur. However, our experiments show that even moderate decreases in Sef levels cause strong phenotypes, as demonstrated by the fact that some heterozygotes have abnormal ABRs and severe cochlear nucleus defects (Figs. 5, 6 ). Similarly, partial knockdown of Sef by small interfering RNA in cell lines has dramatic effects on cell migration and invasion in response to FGF (Darby et al., 2006) . Like the Sef KST223 mice, the conventional Sef knock-out mice are viable with no obvious defects (Lin et al., 2005) . Thus, we believe that the defects observed in the KST223 strain reflect a strong loss of Sef function.
The lack of obvious defects in gene trap and conventional Sef knock-out mice may instead reflect the role of Sef as a feedbackinduced antagonist in a pathway that contains multiple regulatory proteins. Deletion of a ligand, receptor, or necessary effector protein generally blocks pathway activation and therefore causes strong mutant phenotypes. In contrast, Sef and other regulatory proteins are not absolutely required for FGF signaling but instead affect the degree or timing of pathway activation. Indeed, loss of Spry1 or Spry2 cause mild phenotypes Shim et al., 2005; Taketomi et al., 2005) . Spry2 overlaps Sef in the brainstem (L. V. Goodrich, unpublished observation) and could suppress the effects of Sef mutations here as occurs in the early embryo (Lin et al., 2005) . Thus, depending on how robustly different antagonists or target genes are induced in Sef KST223 individuals, FGF signaling may be variably affected, leading, in some cases, to severe defects in cochlear nucleus development and, in other cases, to subtle changes in cochlear nucleus function, and causing, at other times, no obvious defects.
The cochlear nucleus defects observed when Sef levels are increased or decreased are consistent with previous reports that FGFs and Sef can affect cell proliferation, migration, or cell death, even within a single cell population. In vitro, Sef overexpression induces apoptosis, whereas knockdown of Sef promotes cell migration in response to FGF ligand, but in vivo roles for Sef have not yet been described (Darby et al., 2006; Kovalenko et al., 2006) . FGF2 independently affects both the proliferation and migration of cochlear nucleus precursors in vitro (Zhou et al., 1996; Hossain et al., 2006) , whereas FGF8 contributes to tissue morphogenesis, proliferation, and survival in the hindbrain but is surprisingly dispensible for specific cell fate decisions here (Foucher et al., 2006) . Similarly, there are no obvious changes in gene expression in Sef mutant embryos, and the effects of Sef overexpression could be explained either by decreased proliferation and/or increased cell death. Conversely, the cochlear nucleus defects observed in Sef KST223 mutant mice could be caused by a combination of increased proliferation and changes in migration. We therefore favor the idea that in Sef KST223 mutants, FGF signaling induces a transient upregulation of cell proliferation in the Sef-expression domain, leading, in most cases, to changes that are obvious physiologically but not anatomically. Subtle changes in the proportions of specific cell types or the ability of neurons to integrate properly into auditory circuits would be difficult to detect without highly specific markers. However, even mild changes in organization could lead to detectable changes in auditory function. Because of the partial penetrance of the phenotype, more sensitive methods are necessary to determine whether proliferation, survival, and/or migration are altered in the Sef mutant hindbrain.
We have focused on the developmental functions of Sef, but it is possible that aspects of the hearing impairment reflect an adult function for the FGF pathway. In the adult brain, Sef is present in astrocytes of the cochlear nucleus but not in other regions of the central auditory system (L. V. Goodrich, unpublished observation). This pattern of expression is consistent with the fact that the FGF pathway is active in astrocytes (Luo et al., 1995; Riedel et al., 1995; Smith et al., 2002) . Astrocytes are vital components of the synapse and could affect synaptic transmission directly or serve a traditional trophic role in traumatic situations (Newman, 2003) . For example, FGF1 and FGF2 have been postulated to play a protective role in response to acoustic overstimulation in the cochlear nucleus (Luo et al., 1995; Riedel et al., 1995; Smith et al., 2002) . If FGF signaling serves a protective function, the Sef mutant phenotype might vary depending on factors such as noise exposure and auditory experience.
The auditory phenotype of Sef mutant mice appears to originate in the CNS and may represent a novel model for central auditory processing defects. Most mutants described in the literature are profoundly deaf, with significantly elevated ABR thresholds attributable to defects in the generation, function, or survival of hair cells (Steel et al., 2002) . In contrast, mutations that affect central auditory processing are uncommonly reported, and studies of the perceptual consequences in other mouse strains with mutant. The first two waves are distinct, but the later activity does not resolve into clearly identifiable waves. c, Average thresholds for wild-type (blue; n ϭ 8 ears) and homozygous (red; n ϭ 16 ears) animals presented with pure tone stimuli from 5 to 45 kHz. There is no change in threshold at any frequency. d, Amplitudes measured for waves i and ii in response to a 70 dB click stimulus. Individual responses are plotted with filled symbols, and average responses are plotted with open symbols. The average amplitude for both waves is significantly reduced in heterozygous (green; n ϭ 16 ears) and homozygous (red; n ϭ 13 ears) animals, with several animals exhibiting poor responses that fall well outside the wild-type (blue; n ϭ 10 ears) range (*p Ͻ 0.05, ANOVA). e, Average latencies are unaffected in the same animals. f, The threshold for each peak was determined in wild-type (blue; n ϭ 8 ears) and homozygous (red; n ϭ 16 ears) animals presented with a 16 kHz stimulus. Waves i and ii occur at normal SPLs, but the later responses (iii-v) occur at significantly higher intensities in mutants compared with wild types ( p Ͻ 0.02, ANOVA). Error bars indicate SD for each average. cochlear nucleus defects have not been performed (Martin, 1981; Liu et al., 2000) . However, similar defects in the ABR waveforms recorded from human patients are thought to originate in the auditory brainstem. Children suffering from the lysosomal storage disorder Gaucher disease have perfectly normal hair cell function and hence normal early waves in their ABRs (Lacey and Terplan, 1984; Kaga et al., 1998) . However, extensive gliosis and neuronal degeneration in the brainstem causes abnormalities or complete loss of the later waves, comparable to what is seen in Sef KST223 mutant mice. In addition, people with central auditory processing disorder (CAPD) cannot properly discriminate or localize sound, although their hearing sensitivity is normal. ABR waveforms from CAPD patients have smaller and broader peaks (Gopal and Kowalski, 1999) . Nothing is known about the cellular causes of this or other central auditory defects in the human population. Future studies of the auditory processing defects observed in Sef KST223 mutant mice may provide useful insights into these important medical questions.
